VOLUME 15 | NUMBER 11 | NOVEMBER 2012 nature neurOSCIenCe a r t I C l e S ALS is an adult-onset neurodegenerative disorder that is characterized by premature degeneration of motor neurons, resulting in a progressive, fatal paralysis. Approximately 10% of disease instances are familial, with dominant mutations identified in several genes (reviewed in ref. 1). A seminal discovery was the finding that the primarily nuclear RNAand DNA-binding protein TDP-43 is mislocalized in the cytoplasm of affected cells in essentially all sporadic ALS patients, where it forms insoluble, ubiquitinated inclusions 2,3 . TDP-43 pathology is also a prominent feature of frontotemporal lobar degeneration (FTLD), which is now recognized as being genetically, clinically and pathologically linked to ALS (reviewed in ref. 4).
a r t I C l e S
ALS is an adult-onset neurodegenerative disorder that is characterized by premature degeneration of motor neurons, resulting in a progressive, fatal paralysis. Approximately 10% of disease instances are familial, with dominant mutations identified in several genes (reviewed in ref. 1) . A seminal discovery was the finding that the primarily nuclear RNAand DNA-binding protein TDP-43 is mislocalized in the cytoplasm of affected cells in essentially all sporadic ALS patients, where it forms insoluble, ubiquitinated inclusions 2, 3 . TDP-43 pathology is also a prominent feature of frontotemporal lobar degeneration (FTLD), which is now recognized as being genetically, clinically and pathologically linked to ALS (reviewed in ref. 4) .
The discovery that dominant point mutations in TDP-43 cause some instances of inherited ALS [5] [6] [7] and FTLD was rapidly followed by the identification of mutations in another RNA-and DNA-binding protein, FUS/TLS, that were responsible for an additional portion of inherited ALS 8, 9 and rare cases of FTLD. Cytoplasmic accumulation of FUS/TLS in the nervous system of patients with FUS/TLS mutations 8, 9 , and in some instances of FTLD in the absence of mutations [10] [11] [12] , disrupts its normal nuclear localization 13 . Whether the loss of FUS/TLS nuclear function or an acquired toxicity contributes to neuronal dysfunction in disease is unknown.
Both TDP-43 and FUS/TLS have been associated with multiple nuclear and cytoplasmic steps of RNA processing (reviewed in ref. 14) . Comprehensive maps of TDP-43-binding sites in RNAs of normal mouse 15 or diseased human 16 CNS have been determined. Reducing TDP-43 expression in the adult nervous system alters pre-mRNA splicing of >900 genes, revealing an essential role for TDP-43 in sustaining the levels of RNAs derived from very long intron-containing pre-mRNAs that are important for neuronal function 15 , some of which are reduced in human disease 16 .
Using similar high-throughput sequencing and computational approaches, we identified ~5,500 RNA targets of FUS/TLS in both mouse and human brain. The expression levels of 610 genes were dependent on FUS/TLS, and only 112 of the genes were also dependent on TDP-43. Systematic comparison between the TDP-43-and FUS/TLS-dependent targets identified RNAs with exceptionally long introns and multiple binding sites for both TDP-43 and FUS/TLS. Depletion of FUS/TLS or TDP-43 in human neurons differentiated from pluripotent stem cells confirmed the downregulation of long intron-containing TDP-43 and FUS/TLS targets. Several of these common targets were substantially reduced at the protein level in affected post-mortem neurons of patients with sporadic ALS, thereby identifying a common pathogenic pathway in motor neurons from the misregulation of either TDP-43 or FUS/TLS. a r t I C l e S distinct regions of FUS/TLS (Fig. 1a,b and Supplementary Fig. 1a,b) , resulting in a substantial reduction of FUS/TLS from mouse brain lysates ( Fig. 1b and Supplementary Fig. 1c ). Each antibody precipitated complexes with the expected mobility for a single FUS/TLS molecule bound to RNA, as well as some lower mobility complexes ( Supplementary Fig. 1a,b) . No complexes were immunoprecipitated when using nonspecific IgG or in the absence of ultraviolet crosslinking (Fig. 1b) . After size selection, sequencing of RNAs immunoprecipitated with each antibody produced 12,344,760, 32,427,431 and 37,586,201 nonredundant reads that mapped to pre-mRNAs encoded in the mouse genome (University of California, Santa Cruz, reference mm9; Supplementary Fig. 1d ). Previous TDP-43 CLIP-seq (crosslinking and immunoprecipitation, followed by high-throughput sequencing) libraries 15 were re-sequenced and reads were mapped onto the mm9 genome (Supplementary Fig. 1d) .
Positions of mapped reads revealed similar binding sites for RNAs precipitated by all three FUS/TLS antibodies, including, for example, in the mouse neurofilament (Nefl) pre-mRNA (Fig. 1c) . Binding sites for FUS/TLS were quite distinct from those obtained for TDP-43 ( Fig. 1c) . Genome-wide consistency of identified FUS/TLS-binding sites ( Supplementary Fig. 1e ) prompted the merging of the data sets from the three antibodies. Most (88.6%) of the >93 million combined nonredundant mapped reads represented the sense strand of the pre-mRNA in known genes (Fig. 1d) . The majority of the remainder mapped to annotated long noncoding RNAs (lncRNAs; Fig. 1d and Supplementary Fig. 1f ). Using a cluster-finding algorithm with genespecific thresholds that account for pre-mRNA length and variable expression levels 15, 17 , we identified 166,356 FUS/TLS-binding sites (with minimally 28 reads each and an average of 92 reads) in 8,213 mouse RNAs (Fig. 1d) .
FUS/TLS targets were also identified by CLIP-seq from human brain cortex using FUS/TLS antibody 1 (Ab1), which efficiently immunoprecipitated human FUS/TLS (Supplementary Fig. 2a,b) . The human FUS/TLS protein-RNA complexes showed similar migration patterns (Supplementary Fig. 2a ) with those obtained from mouse brain (Supplementary Fig. 1a) . After mapping to the human genome (University of California, Santa Cruz, reference hg18), 44,490 FUS/TLS-binding sites in pre-mRNAs from 5,594 human genes were identified from 9,373,763 nonredundant mapped reads (Supplementary Fig. 2c ). Consistent with our findings in mouse, only a small fraction of reads (16%, 1,784,317 reads) mapped outside of annotated protein coding genes (Supplementary Fig. 2c) . Notably, the majority of the FUS/TLS RNA targets in mouse brain (69%) were also targets in human brain, representing a highly significant overlap (P < 10 −37 ), illustrating that the FUS/TLS protein-RNA interactomes are conserved in both human and mouse. npg a r t I C l e S Using the HOMER algorithm, we identified a significantly enriched primary RNA sequence motif GUGGU (P < 10 −3451 ; similar to the GGUG motif reported from in vitro RNA binding 18 ) that was present in ~60% of mouse and human FUS/TLS clusters (Fig. 1e) . Although this motif often coincided with the peak of FUS/TLS binding (Fig. 1e) , its presence was neither necessary nor sufficient for FUS/ TLS binding (Fig. 1c) . The distribution of mouse FUS/TLS-binding sites along different pre-mRNA regions was visibly distinct from that of TDP-43 sites (Fig. 1c,f) . FUS/TLS binding was also observed on small nuclear (snRNA) transcripts (Supplementary Fig. 3a) . In particular, FUS/TLS CLIP-seq reads mapped to U1 snRNA harbored a high degree of sequence polymorphisms that reflected cross-linking at GUGG sequences defining the position of FUS/TLS binding ( Supplementary Fig. 3b,c) .
Mouse and human brain FUS/TLS sites showed similar distribution patterns in pre-mRNA transcripts, with the majority being localized in introns. The distal intronic region, defined as the sequences located at least 2 kb from the nearest exon-intron junction, accounted for the highest fraction of FUS/TLS-binding sites in accordance with the relative size of distal intronic regions in pre-mRNA (Fig. 1f) . Notably, there was also a substantial enrichment for binding in exonic and untranslated regions (UTRs) compared to what would be expected from their contribution to pre-mRNA sequences (Fig. 1f) . One example of exonic binding is the conserved interaction in mouse and human brain of FUS/TLS with exon 4 of the FMR1 gene, which is mutated in fragile X mental retardation and adult onset ataxia/tremor syndrome (Fig. 1g) .
FUS/TLS binding was found in the 3′ UTR of 4,272 mouse brain mRNAs, and gene ontology analysis identified enrichment for components of the synapse and molecules residing in neuronal projections (corrected P values: P = 2.1 × 10 −5 or P = 7.2 × 10 −7 , respectively). This binding preference suggests that FUS/TLS is involved in the transport and localized translation of these RNAs, consistent with the role of FUS/TLS in dendritic spine formation 19 . We identified FUS/TLS binding to the 3′ UTR of several transcripts involved in the pathogenesis of ALS and other neurodegenerative disorders, including the genes encoding superoxide dismutase 1 (SOD1), the light (Fig. 1c) , medium and heavy chains of neurofilament (NEFL, NEFM and NEFH), the glutamate transporter EAAT2 (EAAT2), ubiquilin 1 and 2 (UBQLN1 and UBQLN2), and the microtubule-associated protein tau (MAPT) (Supplementary Table 1) .
In the mouse brain, 6,312 genes contain both TDP-43 (ref. 15 ) and FUS/TLS clusters, with binding sites overlapping by at least one nucleotide in only 2,727 genes (Fig. 1h) , consistent with a small fraction of TDP-43 and FUS/TLS proteins being present in the same complex 20 . In some instances, these overlapping or neighboring TDP-43-FUS/TLS clusters were characterized by distinct, but closely positioned, peaks of sequence reads, as exemplified by binding on the glutamate receptor 3 (Gria3) gene (Fig. 1i) . In other cases, TDP-43-and FUS/TLS-binding sites were perfectly superimposed, with genome-wide analysis revealing a 2.2-fold enrichment of TDP-43 binding immediately surrounding (±50 bases) the center of FUS/ TLS clusters and a 1.8-fold enrichment vice versa ( Supplementary  Fig. 4a,b) . In contrast, FUS/TLS and TDP-43 CLIP reads were not enriched around the sites of an unrelated RNA-binding protein, Nova 21 (Supplementary Fig. 4c) . A stronger enrichment for localization in 3′ UTRs was observed for overlapping TDP-43-and FUS/TLS-binding sites compared with either TDP-43 or FUS/TLS alone (Supplementary Fig. 4d ). RNA targets with overlapping TDP-43-and FUS/TLS-binding sites include many genes that are crucial for proper neuronal function, including neurexin 1 and 2 (NRXN1 and NRXN2), UBQLN2, FUS/TLS, amyloid beta precursor protein (APP) and ataxin 10 (ATXN10).
FUS/TLS and TDP-43 have distinct binding patterns
The FUS/TLS-binding mode across its target pre-mRNAs was markedly different from that of TDP-43. In contrast with the more discrete 'sharp' binding peaks 15, 16 of TDP-43, FUS/TLS sites extended along broad regions of its pre-mRNA targets. This was exemplified by FUS/ TLS binding on its own pre-mRNA in a region that was previously annotated as either an intron or an alternative 3′ UTR (Fig. 2a) . This region has an abundance of RNA-seq reads and a high level of mammalian sequence conservation. We identified the presence of a FUS/TLS isoform that retained intron 7, but not intron 8, in both mouse and human brain, using primers specific for intron 7 and exon 9 ( Supplementary Fig. 5a ). This isoform is likely subjected to degradation by nonsense-mediated decay. FUS/TLS interacted with the entirety of this alternative 3′ UTR or retained intronic region, with a high density of CLIP-seq reads at the junction between exon 7 and intron 7 of FUS/TLS pre-mRNA ( Fig. 2a and Supplementary  Fig. 5a ). Notably, TDP-43 also bound the same region, but at sites distinct from FUS/TLS. Binding of FUS/TLS to its own pre-mRNA, in conjunction with the production of an isoform that is a nonsensemediated decay substrate, most likely reflects an autoregulatory mechanism similar to that of TDP-43 (ref. 15 ). We also observed a similar FUS/TLS binding pattern on a highly conserved alternative 3′ UTR or retained intronic region of the Ewing sarcoma breakpoint region 1 gene (Ewsr1) pre-mRNA ( Supplementary Fig. 5b ). This suggests potential cross-regulation between Ewsr1 and FUS/TLS, both closely related proteins, as has been observed for other heterogeneous nuclear ribonucleoparticle protein members 17 .
To investigate whether FUS/TLS interacts with other alternative 3′ UTRs or retained introns, we first determined the distribution of wild-type mouse brain RNA-seq read density in annotated 3′ UTR exons. Reasoning that intronic regions containing RNA-seq reads above the median value of 3′ UTR read density are likely retained in mature mRNA, we identified 1,866 previously unannotated candidate 3′ UTR or retained intronic regions (Supplementary Fig. 5c ). Consistent with our observations for FUS/TLS and EWSR1, more than 40% of these candidate regions had FUS/TLS CLIP clusters, exhibiting about fourfold more binding sites per region than expected ( Supplementary Fig. 5d ).
The most distinguishing feature of FUS/TLS binding was observed on genes with long introns (>100 kb), with FUS/TLS cluster density being substantially higher at the beginning of long ( Fig. 2b-d ), but not short ( Supplementary Fig. 6a) , introns, and a gradual decrease toward the 3′ end, producing a sawtooth-like pattern across the pre-mRNA. This pattern was evident in both mouse and human FUS/TLS CLIPseq data, as illustrated by the neuroligin 1 (Nlgn1) gene (Fig. 2b) , and contrasted sharply with the CLIP-seq patterns of other RNA-binding proteins, such as TDP-43 and RBFOX2 in mouse brain (Fig. 2d) . A sawtooth-like binding pattern, which has been proposed to mark nascent transcripts 22 , was observed in long intron-containing genes in our RNA-seq data from mouse brain ( Supplementary Fig. 6b ), consistent with FUS/TLS deposition along long introns during transcription elongation (Fig. 2c) . The FUS/TLS-binding enrichment at the beginning of introns is likely a result of the higher prevalence of nascent transcripts containing this intronic region ( Supplementary  Fig. 6b ) and not of an increased density of the FUS/TLS-binding motif at the 5′ end of introns (Fig. 2e) .
We also identified 843 FUS/TLS-binding sites on 71 of 234 literature-curated lncRNAs. Two-thirds (66%) of these contained npg a r t I C l e S the FUS/TLS motif GUGGU. Similarly to what we observed for the protein-coding RNA targets, the position of FUS/TLS-binding sites on lncRNAs were distinct from those of TDP-43, as exemplified by binding on maternally expressed 3 (Meg3), imprinted in Prader-Willi syndrome (Ipw) or nuclear paraspeckle assembly transcript 1 (Neat1) lncRNAs (Supplementary Fig. 7 ).
RNAs altered after in vivo FUS/TLS depletion
To determine expression and splicing changes after FUS/TLS depletion in vivo, we used single-stranded antisense oligonucleotides (ASOs) that direct catalytic degradation of RNA through the action of endogenous RNase H. An ASO specific for FUS/TLS, a control ASO without complementary sequences in the mouse genome, or saline were delivered into the adult CNS of mice by either stereotactic intrastriatal injection (Fig. 3a) or bolus injection into the lateral ventricle (Fig. 3b) . The latter allows ASO distribution throughout the CNS, including all levels of the spinal cord 23, 24 . Bolus injection or 2-week infusion of a FUS/TLS-specific ASO, but not a control ASO or saline, depleted FUS/TLS protein and RNA to ~10 or ~20% of normal levels, respectively, in the striatum and spinal cord ( Fig. 3c  and Supplementary Fig. 8a ). No acute abnormal phenotype was observed in mice with marked reduction of FUS/TLS after 2 weeks of treatment.
FUS/TLS function in mRNA metabolism was assessed with strand-specific RNA-seq analysis of striata from three mice following ASO-mediated FUS/TLS depletion. For each sample, an average of ~26 million nonredundant reads uniquely mapped to the mouse mm9 genome (Supplementary Fig. 8b ). Expression levels for each annotated protein-coding gene were determined by the number of mapped reads per kilobase of exon, per million mapped reads (RPKM). The combined sequence reads from the biological replicates treated with FUS/TLS or control ASO ( Supplementary  Fig. 8c ) were used to identify mRNAs encoded by 13,627 annotated protein-coding genes that satisfied the threshold of 0.5 RPKM in either condition. Pooling of reads per condition was supported by expected groupings of the independent biological replicates using hierarchical clustering of RPKM values of the differentially expressed genes (Supplementary Fig. 8d ). The RPKM ratio of the gene encoding FUS/TLS confirmed a reduction of Fus/Tls (Fus) RNA to ~10% of normal levels (Supplementary Fig. 8e ). FUS/TLS depletion affected a set of RNAs that was almost completely distinct from those dependent on TDP-43, as determined by comparison (Supplementary Fig. 8d ) of similarly obtained RNA expression profiles from four biological replicates following ASO-mediated TDP-43 depletion in the striatum 15 .
Statistical comparison of RPKM values between FUS/TLS-and control ASO-treated samples revealed that 275 genes were upregulated (defined by z score >1.96, P < 0.05) and 355 genes were downregulated (z score <−1.96, P < 0.05) following FUS/TLS depletion ( Fig. 3d and Supplementary Tables 2 and 3) . Similar expression changes were observed in the different biological replicates (Supplementary Fig. 9 ). Only four of the upregulated genes were changed by more than twofold. In contrast, 61 genes were downregulated more than twofold (Supplementary Tables 2 and 3) . Reduced levels after FUS/TLS depletion were confirmed for selected RNAs by quantitative reverse transcription PCR (qRT-PCR) of striatal and spinal cord RNA samples (Fig. 3e) . Notably, the degree of downregulation correlated with the level of FUS/TLS depletion in striatum versus spinal cord ( Supplementary  Fig. 8a ), as exemplified by the genes encoding the potassium channel interacting protein 4 (Kcnip4), parkin (Park2), myelin and lymphocyte protein (Mal), and the histone methyltransferase Set and Mynd domain-containing protein 3 (Smyd3) (Fig. 3e) . 
FUS and TDP-43 intersect in processing long RNAs
We previously established that TDP-43 is crucial for maintaining the mRNA levels of genes with exceptionally long introns, each of which contains numerous TDP-43-binding sites 15 . Applying the same analysis to RNAs affected by FUS/TLS depletion revealed that the genes that were downregulated the most were threefold longer (average of 158,997 bp) than those that were unaffected or upregulated (average of 51,687 bp, P < 5.4 × 10 −9 by t test; Fig. 3f) . Furthermore, an enrichment of FUS/TLS-binding sites was found in the most downregulated RNAs, with the hundred most reduced RNAs containing an average of 94 FUS/TLS-binding sites per pre-mRNA. Exceptionally long genes had more than 600 clusters each and include those encoding proteins with crucial functions in synaptic activity, such as Nrxn1, Nrxn3, Nlgn1, Nlgn3 and Kcnip4 (Fig. 3f and Supplementary Tables 1 and 2) .
The prominence of FUS/TLS binding on downregulated RNAs was in contrast with a much lower density of binding on RNAs from upregulated genes, with an average of only six binding sites among the hundred most upregulated FUS/TLS targets. The infrequent binding sites and modest degree of upregulation are consistent with altered expression levels arising as an indirect consequence of FUS/TLS loss.
In contrast with the increased number of TDP-43-binding sites previously observed in the 3′ UTR of genes, such as progranulin (Grn), that are upregulated after TDP-43 reduction 15 , no similar enrichment in FUS/TLS binding was seen in the 3′ UTR of upregulated FUS/TLS targets, consistent with the recent proposal that FUS/TLS does not affect the steady-state levels of mRNAs once they reach the cytoplasm 25 . 
a r t I C l e S
A small set of RNAs depends on both FUS/TLS and TDP-43 Systematic comparison of expression changes of all 13,627 expressed genes revealed highly distinct sets of RNAs that are dependent on FUS/ TLS or TDP-43 (Fig. 3g) . Only 41 and 45 genes were similarly upregulated or downregulated, respectively, in response to depletion of either protein, with downregulated genes bearing a marked enrichment for longer introns and binding sites for both TDP-43 and FUS/TLS (Fig. 3g) .
To explore whether TDP-43 and FUS/TLS act synergistically on their targets, we depleted both simultaneously in the adult nervous system (Supplementary Fig. 10a ). ASOs targeting both were injected and, after 2 weeks, RNA and protein for FUS/TLS and TDP-43 were reduced to 10% and 30% of normal levels, respectively, similar to the depletion achieved by injecting either ASO alone ( Fig. 3h and  Supplementary Fig. 10b) . Levels of expression were confirmed by qRT-PCR for several long intron-containing genes that are downregulated after either TDP-43 or FUS/TLS depletion, as well as in the samples with knockdown of both proteins (Fig. 3i) . Of note, the selected transcripts were consistently more reduced following TDP-43 loss than following FUS/TLS loss. Depletion of both TDP-43 and FUS/TLS had no greater effect on the levels of expression of these long genes (which are enriched in genes that are important for synapse formation and activity; Supplementary Table 4), indicating that, even for these RNAs, TDP-43 and FUS/TLS act in parallel rather than synergistically.
FUS/TLS mediates alternative splicing of its RNA targets FUS/TLS, in association with other factors, has been proposed to participate in RNA splice site selection (reviewed in ref. 14) . As an initial test, we used publicly available EST/mRNA transcript databases to determine that, relative to constitutive exons, FUS/TLS-binding sites are enriched in the proximity of alternatively included or excluded 'cassette' exons (P < 10 −76 , χ 2 test; Fig. 4a) . Furthermore, using splicing-sensitive arrays, we identified 374 splicing events in adult brain that changed following FUS/TLS ASO-mediated depletion ( Supplementary Fig. 11a and Supplementary Tables 5 and 6) . Notably, the number of FUS/TLS-dependent splicing events identified (374) is relatively small compared with the number of changes observed after depletion of other heterogeneous nuclear ribonucleoparticle proteins, including TDP- 43 (refs. 15,17) . However, more than 55% of the 114 cassette exons differentially included following FUS/TLS depletion have FUS/TLS-binding sites within 2 kb of the exon boundary (P < 0.05, compared to ~38% of unchanged exons; Fig. 4a) , consistent with FUS/TLS having a direct role in repressing exon recognition. Although no strong rules for FUS/TLS splicing regulation were apparent, as in recent reports 26, 27 , position-specific preferences for FUS/ TLS binding around the regulated exons versus those that remained unchanged were identified. A significant enrichment of FUS/TLS binding was found ~200 nucleotides upstream of exons skipped following npg a r t I C l e S FUS/TLS depletion (that is, FUS/TLS promoted inclusion of the exon), and significant binding in multiple regions around exons included following FUS/TLS loss (P < 0.05 by χ 2 test; Supplementary Fig. 11b) .
A role for FUS/TLS in alternative splicing was confirmed by analysis of Fus/Tls −/− mice 28 , in which gene disruption produces a complete loss of full-length FUS/TLS (Supplementary Fig. 11c ), accompanied by perinatal death. Using splicing-sensitive microarrays, we identified 300 splicing events in embryonic brains from Fus/Tls −/− mice (Supplementary Fig. 11a) , 67 of which occurred in RNAs whose splicing was also altered by FUS/TLS depletion from adult brain. Despite developmental differences in the alternative splicing patterns of embryonic and adult brains, splicing of 65 of these 67 FUS/TLS-dependent RNAs was altered in the same direction after FUS/TLS loss in either embryonic or adult brains (Fig. 4b) .
Semi-quantitative RT-PCR of selected RNAs confirmed these FUS/TLS-dependent splicing changes ( Fig. 4c and Supplementary  Fig. 12 ), including transcripts implicated in neurodegenerative diseases, such as the N-myc downstream-regulated gene 2 (Ndrg2), which is expressed in astrocytes 29 and mis-accumulated in Alzheimer's disease 30 , and the microtubule-associated protein tau (Mapt) gene mutated in frontotemporal dementia 31 . Loss of FUS/TLS resulted in the inclusion of a 54-bp exon that is not annotated in the mouse genome, but corresponds to an alternatively included exon upstream of the classical exon 9 of the human MAPT gene (also reported as exon 10 on transcript variant 6 of the human MAPT gene (UCSC, hg18) ; Fig. 4c ). Splicing arrays also identified increased inclusion of Mapt exons 3 and 4 (mm9 chr11: 104,143,794-104,156,172) and exon 10 (mm9 chr11: 104,171,848-104,182,664) in adult and embryonic brain after depletion of FUS/TLS protein, respectively ( Supplementary  Tables 1 and 5) . Identification that FUS/TLS suppresses splicing of MAPT exon 10 is of particular relevance for disease pathogenesis, as mutations that increase the inclusion of exon 10 are linked to frontotemporal dementia 31 .
Comparison of the splicing changes after ASO-mediated depletion of either FUS/TLS or TDP-43 in adult brain revealed that TDP-43 affected a larger number (788) of splicing alterations than FUS/TLS (374) (Fig. 4d and Supplementary Table 6 ). We identified 83 splicing events that were commonly regulated following FUS/TLS or TDP-43 depletion, 94% of which were differentially included or excluded in the same direction (Fig. 4d) . Splicing alterations of selected TDP-43 and FUS/TLS RNA targets were validated by semi-quantitative RT-PCR (Fig. 4e-h ). Exon 8 of Ndrg2 showed increased exclusion after either TDP-43 or FUS/TLS depletion. Conversely, exon 5 of Tia1, whose encoded protein is a central component of RNA-containing stress granules, and exon 6 of the potassium voltage-gated channel gene (Kcnd3) were more included after loss of TDP-43 or FUS/TLS (Fig. 4f) . FUS/TLS-dependent changes in splicing of Mapt were not found after the loss of TDP-43, despite TDP-43-binding sites within 2 kb of the affected exons (Fig. 4e) . A rare example of differently regulated splicing events between FUS/TLS and TDP-43 is exon 12 of the myelin-associated glycoprotein gene (Mag), which encodes a protein that inhibits axonal regeneration through interaction with the Nogo receptor 32 (Fig. 4g and Supplementary Table 6 ).
Alterations of RNAs in human differentiated neurons
We tested the dependence of long intron-containing genes on TDP-43 and FUS/TLS in human neurons by differentiation of neural progenitor cells (NPCs) generated from human embryonic stem (ES) cells (Fig. 5a) and depletion of TDP-43 or FUS/TLS using lentiviralencoded short hairpin RNAs (shRNAs). qRT-PCR revealed that human FUS/TLS (FUS) and TDP-43 (TARDBP) mRNAs were reduced to 2 and 15% of their normal levels, respectively, when compared with NPCs treated with a scrambled shRNA (Fig. 5b) . Of the target genes npg a r t I C l e S reliably expressed in NPCs, long introncontaining pre-mRNAs for parkin (PARK2), SET and MYND domain-containing protein 3 (SMYD3), neurexin 3 (NRXN3), neuroligin 1 (NLGN1), Na + /K + transporting ATPase interacting 2 or T-cell lymphoma breakpoint associated target 1 (NKAIN2 or TCBA1), ataxin 1 (ATXN1), potassium voltage-gated channel (KCND2), and the noncoding RNA imprinted in Prader-Willi (IPW) were reduced after loss of either TDP-43 or FUS/TLS (Fig. 5c) , confirming an intersecting and conserved role for both proteins in sustaining the levels of long intron-containing genes in human neuronal progenitors. Reduction of these pre-mRNAs targets and KCNIP4 were also observed in neurons differentiated from human ES cells after FUS/TLS or TDP-43 were reduced to 23 and 33% of controls, respectively (Fig. 5a,d,e) . Similarly, after differentiation into a pan-neuronal lineage of induced pluripotent stem (iPS) cells generated from an unaffected individual, endogenous TDP-43 was depleted using either of two independent lentiviral-encoded shRNAs (Supplementary Fig. 13) . Assay of the resultant RNAs revealed downregulation of all seven of the long intron-containing genes that we examined ( Supplementary  Fig. 13 ), confirming a dependency of long pre-mRNA levels on TDP-43 in differentiated human neurons in vitro. After identifying targets affected by the loss of TDP-43 or FUS/TLS, we tested mRNA levels of long intron-containing transcripts in primary fibroblasts from three symptomatic ALS patients: one carrying a FUS/TLS R521G mutation and two carrying the same TDP-43 G298S mutation. One of the targets expressed in detectable levels in fibroblast cells, KCND2, was substantially reduced in mutant fibroblasts compared with control fibroblasts from a non-ALS individual (data not shown). Although this preliminary evidence agreed with our hypothesis, the variability of gene expression amidst different fibroblast lines from other control individuals prevented us from drawing firm conclusions from these experiments and suggests that further studies using iPS cell-derived motor neurons may ultimately prove more conclusive.
Long pre-mRNAs altered in ALS patient motor neurons Our data predict that the levels of this small set of common targets (Supplementary Tables 2 and 3 ) will be reduced in neurons with either FUS/TLS or TDP-43 disruption. Patients carrying FUS/TLS mutations are extremely rare, but, in the vast majority of sporadic ALS patients, cytoplasmic aggregates of TDP-43 accumulate in motor neurons, accompanied by a loss of nuclear staining 2, 3 . To determine whether TDP-43-and FUS/TLS-dependent RNAs from genes with npg a r t I C l e S long introns are affected in sporadic ALS, we initially reanalyzed expression alterations from a published microarray analysis of RNAs obtained after laser microdissection and pooling of approximately 1,000 motor neurons from 12 ALS patients 33 . Analysis of long introncontaining genes (including PARK2, KCNIP4, SMYD3, NLGN1, calcium-dependent secretion activator (CADPS), fibroblast growth factor (FGF14) and Ephrin A5 (EFNA5)) revealed a trend for reductions in each of these transcripts, although none reached statistical significance, with the exception of Ephrin A5 (P = 0.0123). Given the well-recognized heterogeneity of TDP-43 pathology in patient motor neurons 34 , we reasoned that a microarray-based analysis of altered expression of long intron-containing genes following loss of TDP-43 function might be confounded by pooling of RNAs from more or less affected neurons. Consequently, we assayed individual motor neurons in autopsy samples from 11 sporadic ALS patients and 3 control individuals by co-labeling for TDP-43 and either of three proteins (PARK2, KCNIP4 and SMYD3) encoded by long premRNAs whose maturation is dependent on TDP-43 or FUS/TLS. Immunofluorescence staining of spinal cords was performed with either a polyclonal antibody specific for phospho-TDP-43 or a monoclonal antibody specific for the C-terminal part of TDP-43 that both recognize primarily TDP-43 inclusions (Supplementary Fig. 14) . With the conditions used, neither of the TDP-43 antibodies tested produced a reproducible immunofluorescent staining of nuclear TDP-43. Nevertheless, a strong correlation was apparent between reduction in parkin, KCNIP4 or SMYD3 fluorescence and the presence of TDP-43 cytoplasmic inclusions ( Fig. 6 and Supplementary Fig. 15 ). Indeed, strong granular cytoplasmic staining of KCNIP4 was observed in 92% of motor neurons without identified TDP-43 aggregates in both control individuals and sporadic ALS patients. In contrast, 71% of motor neurons with TDP-43 aggregates were characterized by reduced KCNIP4 fluorescence (Fig. 6a-e,t) . Similarly, parkin was strongly reduced in 70% of TDP-43 inclusion-containing motor neurons, whereas 95% of motor neurons without TDP-43 aggregates displayed strong cytoplasmic parkin levels ( Fig. 6f-j,t) . The nuclear and cytoplasmic protein SMYD3 was also reduced in 58% of motor neurons with TDP-43 inclusions, whereas 95% of non-affected motor neurons had normal staining for SMYD3 (Fig. 6k-o,t) . Notably, tubulin, a protein that was not predicted to be regulated by TDP-43 or FUS/TLS, was not altered in the large majority (85%) of motor neurons carrying TDP-43 aggregates (Fig. 6p-t) .
DISCUSSION
Our study provides a genome-wide, systematic comparison of the binding patterns and roles in gene regulation and alternative splicing in the CNS for TDP-43 and FUS/TLS, proteins that are involved in the pathogenesis of ALS and FTLD. We identified extensive FUS/TLS binding on thousands of mouse and human brain pre-mRNAs at positions that were largely distinct from those of TDP-43, including a sawtooth-like pattern on long pre-mRNAs. Our results also demonstrate that depletion of FUS/TLS leads to a broad misregulation of RNA processing, as the levels of >600 mRNAs were altered and the splicing patterns of >350 were changed. We found that FUS/TLS and TDP-43 affected the expression levels and processing of largely distinct sets of RNAs, and had only 86 and 78 gene regulation and splicing events in common, respectively. Nevertheless, our evidence identifies intersection of the TDP-43 and FUS/TLS pathways in the regulation of a subset of transcripts that were downregulated after the loss of either TDP-43 or FUS/TLS (Fig. 3) , harbor numerous intronic binding sites for both TDP-43 and FUS/TLS (Figs. 2 and 3) , contain exceptionally long introns (Figs. 2 and 3) , and encode protein products that are crucial for normal neuronal function (Supplementary Table 4) . These distinct attributes of target genes cannot be identifiable by similar analyses performed in non-neuronal cells. For example, none of the 45 RNAs that are downregulated following either FUS/TLS or TDP-43 depletion in the adult mouse brain are appreciably expressed (as revealed by RNA-seq data) in an immortalized cell line (293T cells) used in a previous analysis 35 .
Analyses in progenitors and 1-month-old neurons derived from ES and iPS cells confirm the dependency of long intron-containing pre-mRNAs on TDP-43 or FUS/TLS in human cells (Fig. 5 and  Supplementary Fig. 13 ). Our findings predict that, in cells with functional interruption of either TDP-43 or FUS/TLS as a result of mutation and/or aggregation in disease, reduction of the levels of these target RNAs contributes to neuronal death in TDP-43 and FUS/TLS proteinopathies. We found that this is indeed the case in individual motor neurons in sporadic ALS spinal cords, where cytoplasmic mis-accumulation of TDP-43 is accompanied by loss of proteins encoded by long pre-mRNAs (Fig. 6) . Our combined evidence supports that loss of function of TDP-43 or FUS/TLS contributes to ALS pathogenesis. Furthermore, given that the loss of either parkin or KCNIP4 individually leads to compromised neuronal function in human patients and mouse models [36] [37] [38] [39] [40] , our finding that these targets are altered in affected motor neurons from ALS patients predicts that a combined reduction of multiple targets contributes to, rather than singlehandedly causes, neuronal death in TDP-43 and FUS/TLS proteinopathies.
The exact molecular mechanism by which TDP-43 or FUS/TLS binding on multiple intronic sites sustains the levels of these transcripts remains unknown and may or may not be identical for the two proteins. An attractive possibility is that binding of TDP-43 or FUS/TLS to long introns may serve as a protein scaffold that ensures the normal splicing of long introns, preventing unproductive splicing events. Alternatively, multiple TDP-43 and/or FUS/TLS molecules bound to these introns may facilitate transcription elongation, similar to what has been shown for another RNA-binding protein, . In fact, our observation that FUS/TLS bound along long introns in a sawtooth-like pattern, as is expected for binding to nascent transcripts 22, 42 , supports the idea that it may be involved in transcriptional elongation.
A recent study found that proteins recruited to promoter regions can be co-transcriptionally deposited onto nascent mRNAs, thereby regulating decay of those RNAs by maintaining this interaction following mRNA transport to the cytoplasm 43 . Mindful of this, it is conceivable that a similar mechanism mediates the deposition of FUS/TLS on multiple sites of long intron-containing nascent RNAs. The very recent observation that FUS/TLS interacts with singlestranded DNA in promoter regions in human HeLa cells 44 , in conjunction with the association of FUS/TLS with RNA polymerase II and the TFIID complex 45 , supports this view. Alternatively, binding of FUS/TLS on ncRNAs with complementarity to promoter regions may be responsible for its recruitment there 46 . It will be necessary to determine whether the intersecting TDP-43 and FUS/TLS pathways that we uncovered are also affected by alterations in TAF15 (refs. 47,48) or EWSR1 (refs. 49,50) , two additional RNA/DNA binding proteins that were recently shown to mediate ALS and FTLD.
METhODS
Methods and any associated references are available in the online version of the paper.
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